In this research, we developed a facile method to synthesize quaternary plasmonic photocatalysts Ag/AgCl/TiO 2 /MWCNTs with a high photocatalytic performance for degradation of 2,4-dichlorophenol (2,4-DCP) under visible light. The prepared samples were characterized by different analyses such as X-ray diffraction, scanning electron microscopy, energy dispersive X-ray, ultraviolet-visible diffuse reflectance spectroscopy, Fourier transform infrared spectroscopy, N 2 physisorption, and transmission electron microscopy. The prepared samples exhibited highly visible-light photocatalytic efficiency for degradation of 2,4-DCP in aqueous solution. In the presence of pure TiO 2 and quaternary Ag/AgCl/ TiO 2 /MWCNTs nanocomposite, we obtained 40% and almost 100% degradations of 2,4-DCP under visible light after 180 min irradiation, respectively. The excellent visible light photocatalytic activity of Ag/AgCl/TiO 2 /MWCNTs samples can be attributed to the surface plasmon resonance effect of Ag nanoparticles anchored on AgCl particles and adsorption ability of MWCNTs.
Introduction
Preparation of efficient semiconductor-based photocatalysts using visible light for environmental application and energy conversion is a great challenge [1] [2] [3] [4] . Many efforts by narrowing the band gap of TiO 2 , including element doping and oxygen deficiency, have been dedicated to enhancing visible-light absorption [2, 5, 6] . Unfortunately, TiO 2 doping with impurity species often leads to the impaired photocatalytic efficiency of TiO 2 because the doped atoms accelerate carrier recombination rate [2, 7] . Modification of TiO 2 by noble metals such as Au and Ag has been the subject of intense research because of its significant positive role in the photocatalytic efficiency [8] [9] [10] . Nobel metals such as Ag and Au nanoparticles display very interesting optical properties due to the excitation of resonant collective oscillations of the conduction electrons by electromagnetic radiation: the localized surface plasmon resonance (LSPR) [11] [12] [13] . LSPR can noticeably increase the visible-light absorption and thus enhance the plasmonic photocatalysts yield with high efficiency under visible light for environmental applications. Silver halide materials (AgX, X: Cl, Br, and I) show good stability compared with the traditional noble metal/ semiconductor plasmonic systems because of remaining unchanged after decomposition into Ag 0 species under irradiation [14] . Moreover, they are among the most promising plasmonic photocatalysts [15] . Recently, many attempts have been made to prepare AgCl-based TiO 2 nanomaterials for efficient degradation of organic and inorganic pollutants [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . AgCl as a photosensitive material is used for inactivation of bacteria and degradation of organic pollutants [29] . In AgCl-based TiO 2 photocatalyst, the photogenerated electrons generated under light irradiation would combine with a silver cation (Ag + ) to produce metallic silver (Ag 0 ). Thus, the formed Ag clusters could alter the photoactive range of AgCl well into the visible region [20, [29] [30] [31] . Also, it has been evidenced that the addition of cosorbent carbon materials can enhance the photocatalytic efficiency of TiO 2 [32] [33] [34] . Since their discovery, multi-walled carbon nanotubes (MWCNTs) with one-dimensional and hollow structure have received more attention for environmental purification because of their outstanding structural characters such as mechanical strength [35] , excellent thermal conductivity, unique electronic properties [36] , and thermal stability [37] . The preparation of new composite containing MWCNTs and TiO 2 depends on many factors such as excellent conductance and high adsorption capacity of MWCNTs, which act as TiO 2 support [38, 39] . A similar literature has shown that the activities of the TiO 2 increase due to the abilities of MWCNTs to decrease TiO 2 crystalline grain and particle sizes [40] . Also, these activities increase the activity of the particles because of the connection between MWCNTs and TiO 2 reduces the recombination of electron and hole (h + /e -) [41] . To combine the synergetic properties of the MWCNTs and plasmas, the Ag/AgCl/TiO 2 /MWCNTs nanocomposites as new visible-light-driven plasmonic photocatalysts were prepared through a simple synthesis method by direct reaction of HCl and AgNO 3 . The prepared Ag/AgCl/TiO 2 / MWCNTs nanocomposites were characterized by several techniques including X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM)/energy dispersive X-ray (EDX), transmission electron microscopy (TEM), N 2 physisorption, and ultraviolet-visible diffuse reflectance spectroscopy (DRS). The photocatalytic activity of the nanocomposites was investigated in terms of the photocatalytic degradation of 2,4-dichlorophenol (2,4-DCP) as a model of an organic pollutant under visible light (λ > 400 nm). Chlorophenols are toxic chemicals used in many industrial applications such as petrochemicals, pesticide, dye intermediates, and dyes [42] . 2,4-DCP is a chemical precursor commonly used for the production of herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) [43] . However, 2,4-DCP also has some disadvantageous such as causing some pathological symptoms and altering human endocrine systems. The exposure mode of 2,4-DCP is through the skin and gastrointestinal tract. In recent years, chlorophenols persistence and bioaccumulation both in animals and in humans have raised concerns about these compounds [44] [45] [46] . Hence, searching to find novel and efficient ways to minimize the harm of organic pollutants such as chlorophenols in the environment is of high importance. In the present research, we report the first work on the preparation of quaternary Ag/AgCl/TiO 2 /MWCNTs nanocomposites through a simple sol-gel method. The outstanding properties associated the nanocomposites suggested that they can be used as a novel plasmonic visible-light-driven catalyst for given applications in photocatalysis. 
Experimental

Materials and reagents
Characterization
FTIR analysis was applied to determine the surface, functional groups, using FTIR spectroscopy (FTIR-2000, Bruker), where the spectra were recorded from 4,000 to 400 cm XRD patterns were recorded using a Siemens D5000 (Germany) apparatus. The diffractograms were recorded in the 2θ range of 20°-80° using an X-ray diffractometer equipped with Cu K α radiation as the X-ray source. The morphology of the prepared samples was characterized using SEM (Vegall-Tescan Company, Czech Republic) equipped with an EDX. The diffuse reflectance UV-Vis spectra (DRS) of the samples were recorded using an Ava Spec-2048TEC spectrometer.
Photocatalytic performance evaluations
UV-visible light photocatalytic activities of the prepared samples were evaluated by degradation of the model organic pollutant of 2,4-DCP. The photocatalytic reactions were studied under a 500 W halogen lamp (Osram, Germany). A visible (Halogen, ECO OSRAM, 500W) lamp was used as the irradiation source, with an emission wavelength ranging from 350 to 800 nm with the predominant peak at 575 nm. The UV-visible light was focused on a 100 mL aqueous solution of 2,4-DCP (40 mg/L) and 50 mg of the photocatalyst. The suspension was magnetically stirred under darkness for 10 min before photocatalysis reaction, making sure that the adsorption/desorption of 2,4-DCP up to reach a stable equilibrium. Every interval time of 30 min, small aliquots (2 mL) were withdrawn and filtered to remove the photocatalyst particles and analyzed by Rayleigh UV-2601 UV/VIS spectrophotometer (λ max = 227 nm).
Results and discussion
XRD analysis
The XRD pattern of the prepared TiO 2 is shown in Fig. 1(a) . The peaks at 2θ = 27.4°, 36.1°, and 41.2° are indexed to the rutile phase of TiO 2 [47] while those at 2θ = 25.30°, 37.80°, 48.18°, and 54.09° are indexed to the anatase phase of TiO 2 (JCPDS 21-1272). The XRD analysis data confirmed that our prepared TiO 2 includes a low share of rutile phase but a high fraction of anatase phase. The XRD pattern of the prepared ternary Ag/AgCl/TiO 2 nanocomposite ( Fig. 1(b) ) showed the major diffractions of TiO 2 and some diffractions at about 2θ = 32.2°, 46.21°, 57.51°, and 67.4°, which can be indexed to the diffractions of AgCl (JCPDS no. 85-1355). The small peak at 2θ = 44.4° ( Fig. 1(b) ) can be assigned to the metallic silver, which makes the photocatalyst to be visible light responsive because of surface plasmonic resonance (SPR) effect of Ag nanoparticles [22] . Because of the low amount, high distribution, and small crystallite size of Ag particles, we did not detect the other diffractions of metallic Ag in XRD pattern of the ternary Ag/AgCl/TiO 2 nanocomposite (Fig. 1(b) ) [22] . The XRD patterns of the prepared quaternary Ag/AgCl/TiO 2 / MWCNTs nanocomposites are shown in Figs. 1(c)-(f) . In XRD patterns of Ag/AgCl/TiO 2 /MWCNTs nanocomposites (Figs. 1(c)-(f)), we did not observe MWCNTs peak at 2θ = 25.5° [48] since it was overlapped with the major diffraction of anatase TiO 2 at 2θ = 25.3°. Another explanation for not observing this diffraction might be the relatively large difference between the mass percentage of MWCNTs and TiO 2 and low crystallinity of MWCNTs [49] . The peaks at 2θ = 27.91°, 32.2°, 46.21°, 57.51°, and 67.4° can be attributed to the diffractions of AgCl (JCPDS no. 85-1355) in XRD patterns of quaternary nanocomposites, which also suggest that the AgCl particles are well crystallized. The presence of metallic Ag in the quaternary nanocomposite can be confirmed by the small diffraction at 2θ = 44.4° (Figs. 1(c)-(f) ). The main diffraction of MWCNTs at 2θ = 25.5° did not observed in the XRD pattern of MWCNTs/TiO 2 ( Fig. 1(g) ), which was overlapped with the major diffraction of anatase TiO 2 at 2θ = 25.3° in this sample.
The average crystal size of TiO 2 at 2θ = 25.3° was calculated using Scherrer's equation [50] .
where D is the average crystal size of the sample, λ the X-ray wavelength (1.54056 Å), β the full width at half maximum of the diffraction (radian), K is a coefficient (0.89), and θ is the diffraction angle at the peak maximum. The crystal size of TiO 2 in all the prepared nanocomposites is in the nanosize ranges from 8.78 to 12.85 nm ( Table 2) . The lattice parameters (a = b ≠ c) corresponding to tetragonal crystalline structure were obtained for (101) crystal plane of anatase phase (the major phase) using Eq. (2):
Considering the interplanar spacing (d hkl ), the distance between adjacent planes in the set (hkl), can be determined using the Bragg law:
The cell volume (tetragonal one) was calculated as:
where a and c are the considered lattice parameters. Table 2 shows the lattice parameters of the prepared samples.
The obtained values of the lattice parameters for TiO 2 in the prepared samples match well with the anatase structure (Joint Committee for Powder Diffraction Standard, 78-2486) of TiO 2 . Here, Ag/AgCl has a porous morphology, which can expand the specific surface area and enhance the photocatalytic activity of the photocatalysts. To determine the chemical composition of the prepared nanocomposites (Fig. 3) . The EDX analysis results ( Fig. 3 and Table 3 ) prove the presence of C, Ti, Cl, and Ag atoms in the prepared samples. The absorption peak at 3 keV is for metallic silver nanocrystals and confirms the presence of nanocrystalline silver in the prepared samples [51] . The optical absorption peak at 2.8 keV, which is typical for the absorption of a chlorine atom, confirms the presence of chlorine in the samples containing AgCl [22] . The EDX result has verified that the obtained photocatalysts are composed of Ag and AgCl. Elemental mapping images of the prepared samples (Fig. 4) show that C, Ti, O, and Ag atoms are uniformly dispersed in the selected area of the samples. Fig. 5 illustrates the TEM image of the best photocatalyst in this work (Ag/AgCl/TiO 2 /MWCNTs(3)) nanocomposite at various magnifications. These images show that TiO 2 nanoparticles are uniformly dispersed on the wall of MWCNTs, and also demonstrate the loading of nanoparticles of Ag and AgCl on the TiO 2 nanoparticles and MWCNTs surface.
SEM/EDX and TEM analysis
FTIR analysis
The FTIR spectra of the prepared samples are shown in Fig. 6 . The vibration near 583 cm -1 is indexed to the characterized vibrations of Ti-O in all the FTIR spectra. Ti-OH bond showed vibrations at ~3,400, 2,930, and 2,850 cm -1 [52] . We detected the bending vibration of OH at ~1,630 cm -1 for chemisorbed and/or physisorbed water molecules for all samples. There are stretching vibrations of Ti-O-Ti bond within the range of 700-500 cm -1 [53] . The vibration at 1,515 cm −1 is due to the C=C stretching, which is related to the structure of MWCNTs. It is clear from Fig. 6 that the vibrations at 500-700 and 1,515 cm −1 are corresponding to TiO 2 and MWCNTs, respectively, suggesting that MWCNTs and TiO 2 nanoparticles are present in the prepared nanocomposites. In FTIR spectrum of MWCNTs/TiO 2 sample (Fig. 6(g) , assigned to the interaction between Ag and TiO 2 nanoparticles [55] , probably due to the low amount of Ag.
DRS analysis
The UV-Vis DRS of the Ag/AgCl/TiO 2 and Ag/AgCl/ TiO 2 /MWCNTs photocatalysts showed strong absorption in the ultraviolet and visible-light regions (Fig. 7) . The characteristic absorption peak of the AgCl and TiO 2 nanoparticles are within the UV region and the surface plasmon resonance of silver nanoparticles extended the absorption spectrum into the visible region [26, 56, 57] . Therefore, the ternary and quaternary nanocomposites are more efficient for photocatalytic degradation under visible light.
We calculated the band gap energy from the DR spectra according to Eq. (5) for the prepared samples.
where E bg is the band gap energy (eV) and λ is wavelength (nm) obtained from the DR spectra. The E bg data of samples are summarized in Table 4 . The results show that band gap energy of all the samples decreased slightly compared with pure TiO 2 .
N 2 physisorption analysis
N 2 adsorption-desorption isotherms were prepared for all samples (Fig. 8) . According to the IUPAC classification, the sorption isotherms for all of the prepared samples correspond to the type IV isotherm [58] . Textural and structural parameters of the obtained samples are shown in Table 5 . Specific surface areas and average pore diameter were calculated according to the BET method. Moreover, pore volumes were derived from the desorption branch according to the BJH model. The BET surface area of Ag/AgCl/TiO 2 was ~82 m 2 /g, while that of Ag/AgCl/TiO 2 /MWCNTs samples were around 72-84 m 2 /g, which is very similar to that of Ag/AgCl/TiO 2 . N 2 adsorption and desorption results indicated that the introduction of MWCNTs had little effect on the structural properties on the Ag/AgCl/TiO 2 . Table 2 Phase, crystal size, and lattice parameters of the prepared samples 
Photocatalytic degradation of 2,4-DCP
The prepared Ag/AgCl/TiO 2 /MWCNTs nanocomposites showed visible-light photocatalytic activity for degradation of 2,4-DCP (Fig. 9) . The concentration of 2,4-DCP decreases steadily with increasing irradiation time and ~100% of the 2,4-DCP was degraded in 180 min, indicating that the prepared Ag/AgCl/TiO 2 /MWCNTs nanocomposite has excellent photocatalytic performance under visible light. We gained 40% and about 57% degradations of 2,4-DCP in the presence of TiO 2 and Ag/AgCl/TiO 2 , respectively, after 180 min under visible-light irradiation. The major photocatalytic efficiency of quaternary Ag/AgCl/TiO 2 /MWCNTs nanocomposites can be explained according to the following aspects. First, the MWCNTs provide many adsorption sites, which are beneficial and enhance the photocatalytic efficiency of Ag/AgCl/ TiO 2 /MWCNTs nanocomposites. Thus, the adsorbed 2,4-DCP molecules can be transferred to the decomposition centers. Second, the surface plasmonic resonance effect of the Ag nanoparticles extends the absorption spectrum of the nanocomposites into the visible region and thus the photoinduced active species (such as h + and O 2
•-) are generated through visible-light absorption. As discussed later, these active species could degrade 2,4-DCP target to the final carbon dioxide and some inorganic products. In other words, the high photocatalytic efficiency of Ag/AgCl/TiO 2 /MWCNTs nanocomposite could be assigned to the combined effect of the enhanced adsorption capacity and the surface plasmon resonance of Ag nanoparticles in the Ag/AgCl/TiO 2 /MWCNTs nanocomposite. The MWCNTs, acting as a photosensitizer, can trap the photoinduced electrons and form superoxide radical ion and/or hydroxyl radical on the surface ofTiO 2 , which are Table 4 The band gap energy of the prepared samples responsible for the decomposition of the organic compound [49, 59] . The MWCNTs increase the surface charge on TiO 2 in the hybrid photocatalysts. The surface charge may lead to modification of the fundamental process of electron/hole pair formation while applying visible light [60] . Accordingly, it may be the unique interaction between TiO 2 and the MWCNTs that provides the Ag/AgCl/TiO 2 /MWCNTs nanocomposite with a higher photocatalytic efficiency in photocatalytic degradation of 2,4-DCP compare to pure TiO 2 and Ag/AgCl/TiO 2 samples. Among our prepared quaternary nanocomposites, Ag/AgCl/TiO 2 /MWCNTs(3) showed the highest photocatalytic activity for decomposition of 2,4-DCP under visible light. These results confirm that the optimum mass ratio of MWCNTs and silver in nanocomposite is the prominent factor to produce Ag/AgCl/TiO 2 /MWCNTs nanocomposite. The performance of the prepared nanocomposites for photocatalytic degradation of 2,4-DCP may be improved even more by addition of hydrogen peroxide as an oxidant to the photocatalytic reactor (Fig. 10 ). In the absence of H 2 O 2 , ~90% of 2,4-DCP is eliminated within 180 min in the presence of Ag/AgCl/TiO 2 /MWCNTs(3). In the presence of H 2 O 2 , we obtained ~100% degradation for 2,4-DCP because more hydroxyl radicals are produced compared with the conditions without using H 2 O 2 . Hydroxyl radicals can be generated through the direct photolysis of H 2 O 2 [61, 62] or by the reaction of hydrogen peroxide with superoxide radical [63, 64] . However, in the present work, the visible-light source cannot perform direct photolysis of H 2 O 2 because the wavelengths shorter than 300 nm is needed for photocleavage of the H 2 O 2 molecules. Generation of hydroxyl radicals in our photocatalytic reactor can be explained according to the below reaction:
We can obtain a higher decomposition rate for 2,4-DCP degradation in the presence of more hydroxyl radicals. This photocatalyst did not show any photocatalytic activity under darkness, suggesting that it is necessary to photoexcite both TiO 2 and the silver and enhance the photocatalytic efficiency of the prepared nanocomposite. The stability of the photocatalyst is very important for its practical and environmental application. Hence, the stability of plasmonic photocatalyst Ag/AgCl/TiO 2 /MWCNTs nanocomposite was further investigated by the recycle experiments of the photocatalyst. After four cycles, the photocatalytic activity of the best photocatalyst (Ag/AgCl/TiO 2 /MWCNTs(3)) does not exhibit any significant loss of activity (not shown here), indicating that this sample has a good stability during the photocatalytic degradation of 2,4-DCP.
Photocatalytic degradation mechanism
The photocatalytic activity of the Ag/AgCl/TiO 2 / MWCNTs nanocomposite can be explained by the following proposed mechanism, which is similar to the one proposed for plasmonic photocatalysis (Fig. 11) [65, 66] : Photogenerated electron-hole pairs are formed due to surface plasmon resonance in silver nanoparticles after visible-light absorption. These electrons are transferred from the silver nanoparticles into the conduction band of the TiO 2 semiconductor. The Fermi level of TiO 2 and silver nanoparticles is the same. TiO 2 cannot be excited by visible light and its Fermi level keeps unchanged. On the other hand, Ag nanoparticles can absorb visible light due to its SPR absorption, which results in the upshift of Fermi level of Ag nanoparticles. Therefore, the photoexcited electrons at the silver nanoparticles can be easily transferred into the conduction band of the TiO 2 semiconductor. The injected electrons can be transferred to the adsorbed O 2 . In this process, first, some active species such as superoxide radical O 2 •− anions are generated then followed by the protonation of the produced HOO
• radicals. The HOO • radicals and the trapped electrons react together and produce H 2 O 2 and then • OH radicals formed [67] . These
• OH active species attack the 2,4-DCP and decomposition and thus mineralization of 2,4-DCP can take place. Nevertheless, the left holes can be transferred to the AgCl surface due to the negative surface charge [65] , which could cause the oxidation of Cl − ions to Cl 0 atoms [66, [68] [69] [70] [71] . Because of the high oxidation ability of the chlorine atoms, the 2,4-DCP could be oxidized by the chlorine atoms and hence the Cl 0 could be reduced to chloride ions again. Therefore, the Ag/AgCl/TiO 2 /MWCNTs nanocomposite could remain stable without deterioration [66, 70, 71] . In the presence of MWCNTs, the effective separation of the photogenerated electron/hole that generates in silver nanoparticles under visible light can be improved while its recombination is suppressed since MWCNTs can store a large number of electrons and transport these. Therefore, the photocatalytic activity of Ag/AgCl/TiO 2 / MWCNTs nanocomposite was improved because of the effective separation of the photogenerated electron/hole as well as the adsorption and photocatalysis properties of the four components of the nanocomposite.
Conclusion
In summary, visible-light-driven quaternary Ag/AgCl/ TiO 2 /MWCNTs photocatalysts containing different amounts of MWCNTs were prepared through the simple sol-gel method. The prepared photocatalysts were characterized by different analysis techniques such as XRD, DRS, FTIR, TEM, BET, and SEM/EDX. The prepared samples exhibited a high adsorption capacity and an excellent visible-light photocatalytic activity for 2,4-DCP degradation as a model of organic pollutants. The high photocatalytic activity can be attributed to both the high specific surface areas of the MWCNTs and the plasmon resonance of silver nanoparticles. As a result, the high adsorption capacity and efficient photocatalytic performance of the prepared quaternary Ag/AgCl/TiO 2 /MWCNTs nanocomposites make them suitable choices for environmental applications.
